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METHOD OF INHIBITING NITRIC OXIDE
FORMATION
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CROSS-REFERENCE TO RELATED
APPLICATION
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07/807,912, filed December 16, 1991 now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to a method of inhibiting nitric
oxide formation in warm blooded mammals and, more
particularly, to the administration of aminoguanidine as
an inhibitor of nitric oxide production.

Nitric oxide synthase catalyzes the mixed functional
oxidation of L-arginine to L-citrulline and nitric oxide
(NO-1,2). NO- appears to function as either a signaling
or an effector molecule depending on the isoform of the
enzyme. The constitutive isoform of nitric oxide syn-
thase produces small amounts of NO- which activate
guanylate cyclase resulting in the formation of cGMP
which mediates endothelium-dependent relaxation (2)
and neural transmission (3). NO- is produced 1n much
larger amounts by the cytokine and endotoxin inducible
isoform of nitric oxide synthase, and in macrophages
functions as an effector molecule which appears to
mediate the cytotoxic actions of macrophages on target
cells (4). Since NO- is a potent vasodilator and increases
blood flow, and since vasoactive agents (such as hista-
mine and bradykinin), which stimulate NO. production
increase both blood flow and vascular permeability,
NO-may be a candidate for mediating increases in blood
flow and vascular permeability induced by diabetes and
elevated glucose (9).

Recently, Interleukin-1 (IL-1) has been shown to
induce the expression of the cytokine inducible isoform
of nitric oxide synthase in pancreatic 1slets. The produc-
tion of NO- has been proposed to be the effector mole-
cule which mediates ILL-1’s inhibitory affects on islet
function (6,7). Generation of an IL-1-induced EPR
detectable iron-nitrosyl complex, which is prevented by
NG-monomethyl-L-arginine (NMMA), has been used to
confirm the formation of nitric oxide by islets (8). Also,
the protein synthesis inhibitor, cycloheximide has been
shown to block IL-1-induced nitrite formation, cGMP
accumulation, and EPR detectable iron-nitrosyl com-
plex formation by islets, thus establishing that IL-1 in-
duces the cytokine inducible isoform of nitric oxide
synthase in pancreatic islets (7).

The pathogenesis of diabetic complications has been
linked to imbalances in sorbitol, myo-inositol, and 1,2-
diacyl-sn-glycerol metabolism, and to non-enzymatic
glycation of cellular and extracellular constituents (3).
The glycation link is supported by evidence that
aminoguanidine, a nucleophilic hydrazine compound,
interferes with the formation of these glycation prod-
ucts and also attenuates the development of several
diabetes-induced vascular (5,9), neural (10), and colla-
gen changes (11). Bucala et al. (12) recently reported
that quenching of NO- in vitro by glycated albumin 1s
attenuated by aminoguanidine (present during exposure
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of albumin to glycating agents) and suggested that gly-
cation products may impair endothelium-dependent
relaxation by attenuating NO- activity.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with the present invention a novel
method of inhibiting nitric oxide formation in warm
blooded mammals is provided. The method comprises
administering to a warm blooded mammal a small but
effective amount of aminoguanidine to inhibit nitric
oxide production.

At the present time the pathogenesis of diabetic com-
plications remains obscure and there is no known medi-
cation which has been shown to prevent them. Al-
though diabetic complications are strongly linked to
severity of diabetes as reflected by blood sugar leveis
and glycated hemoglobin, the efficacy of attempts to
prevent and/or reverse diabetic complications by ef-
forts to normalize blood sugar levels remains to be doc-
umented.

Although there is a considerable body of evidence
linking diabetic complications in experimental animals
to increased metabolism of glucose via the sorbitol path-
way, it remains unclear whether inhibitors of this meta-
bolic pathway will be efficacious in preventing compli-
cations in human diabetics. Aminoguanidine does not
appear to affect sorbitol pathway metabolism, since
tissue levels of sorbitol in diabetic rats are unaftected by
aminoguanidine.

While aminoguanidine has been reported to prevent
formation of advanced nonenzymatic glycation prod-
ucts, the mechanism that mediates this effect remains
unclear. Nonenzymatic glycation products have been
observed in a large number of celiular and extracellular
constituents and in tissues of nondiabetic as well as in
diabetic humans and animals. These products appear to
form and accumulate nonselectively tn wvirtually all
tissues whether or not they are sites of clinically signifi-
cant complications of diabetes. Thus the importance of
advanced glycation endproducts in the pathogenesis of
diabetic complications remains unclear.

The vascular functional abnormalities prevented by
aminoguanidine are:a characteristic feature of diabetic
complications and are closely linked (and may contrib-
ute) to the end-stage structural changes associated with
organ failure.

A novel feature of aminoguanidine is that 1t selec-
tively prevents the development of vascular dysfunc-
tion in ocular tissues, nerve, and aorta of diabetic rats
(but does not lower blood glucose levels) without af-
fecting vascular function in those tissues in which vas-
cular function 1s unaltered by diabetes. Similarly,
aminoguanidine (at the same dose given to diabetics)
has no effect on vascular function in any tissues of con-
trol rats, including those in which it prevents vascular
dysfunction in diabetics.

A second remarkable and unexpected feature of
aminoguanidine is that while it is equipotent to NMMA
(an established inhibitor of both the inducible and con-
stitutive isoforms of nitric oxide synthase) in its ability
to inhibit IL-18 induced nitric oxide synthase in cul-
tured Rin m5F cells (a rodent insulinoma cell line), 1t 1s
only ~ 1/40th as potent as NMMA in elevating artenal
blood pressure. This can provide a great therapeutic
advantage for aminoguanidine since 1t can enable ad-
ministration of the drug in doses which inhibit induced
nitric oxide synthase in the vasculature and in other
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tissues affected by disease processes without inhibiting
constitutive vascular nitric oxide synthase (which
would cause hypertension).

The present discovery of the useful mhibitory activ-
ity of aminoguanidine against nitric oxide production
suggests further uses of this agent for:

1. Prevention of diabetic complications (based on
evidence that aminoguanidine prevents diabetes-
induced vascular dysfunction).

2. Prevention/treatment of a broad spectrum of acute
and chronic diseases which may be linked to production
of nitric oxide by activated macrophages and other
cells. Examples of such diseases include type 1 diabetes,
arthritis, neuritis, neurological disorders such as multi-
ple sclerosis, myocardial infarcts, strokes, glomerulone-
phritis, collagen diseases, rejection of transplanted or-
gans, and other diseases mediated by immune mecha-
nisms.

3. Treatment of hypotension, 1.e., septic shock.

4. Development of analogues of aminoguanidine for
inhibiting production of nitric oxide.

5. Development of analogues of aminoguanidine
which can serve as substrate for production of nitric
oxide and thus may be useful for prevention/treatment
of hypertension, coronary artery disease, peripheral
vascular disease, vasospasm, and occlusive vascular
disease 1n general.

DETAILED DESCRIPTION OF THE
INVENTION

While the specification concludes with claims partic-
ularly pointing out and distinctly claiming the subject
matter regarded as forming the present invention, it 1s
believed that the invention will be better understood
from the following detailed description of preferred
embodiments of the invention taken in conjunction with
the accompanying drawings in which briefly:

FIG. 1 is a graphical representation which shows n
Panel A, the effects of aminoguanidine (AG) on IL-183-
induced nitrite formation; Panel B, cGMP accumula-
tion by Rin mS5F cells; and Panel C, IL-183-1induced
inhibition of glucose stimulated secretion by islets.

FIG. 2 shows by EPR spectroscopy the effects of
aminoguanidine on IL-1-induced iron-nitrosy! complex
formation by islets.

FIG. 3 1s a graphical representation which shows the
effects of aminoguanidine (AG) and NG-monomethy]-
L-arginine (NMMA) on mean arterial blood pressure
(MAP).

FI1G. 4 is a graphical representation which shows the
effects of aminoguanidine (AG) and N¢-monomethyl-
[-arginine (NMMA) on glucose-(Glu) in Panel A, and
diabetes-induced increases in vascular albumin perme-
ation in Pane! B and blood flow in Panel C.

FIG. 5§ is a graphical representation of experimental
allergic encephalomyelitis (EAE) induced 1n rats by
intravenous injection of activated, myelin basic protein
specific CD8+ T cells which shows the average daily
progression of clinical illness for all control (open cir-
cles) and aminoguanidine treated (filled circles) rats.

FIG. 6 shows in two parts, FIG. 6A and FIG. 6B,
histological sections of the spinal cord from rats exam-
ined for inflammation and the presence and distribution
or NADPH diaphorase in which A, a section from a rat
paralyzed with EAE as in FIG. 5, is compared with B,
a comparable section from a matched rat which had
been treated with aminoguanidine.
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Since aminoguanidine contains strong structural simi-
larities to L-arginine and the competitive inhibitor of
nitric oxide synthase, viz. NMMA,, in that these com-
pounds contain two chemically equivalent guanmidino

nitrogen groups, the effects of ammoguanidine on IL-
183-induced formation of nitrite, and cGMP by Rin m5F
cells were examined and compared to the eftects of
NMMA in similar tests. The Rin m3F cell line is an
insulinoma cell line of the rodent 3-cell that has re-
cently been shown to contain the cytokine-inducible
isoform of nitric oxide synthase (13). FIG. 1A demon-
strates the dose response of aminoguanidine and
NMMA on IL-18-induced formation of nitrite (an oxi-
dation for 18 hrs with 5 units/ml IL-18=*the indicated
concentrations of aminoguanidine or NMMA. Both
compounds inhibit IL-18-induced nitrite production in
a dose dependent fashion, in which both compounds
inhibit half maximally at a concentration of ~ 10 uM.

Next, the effects of aminoguanidine on IL-18-
induced ¢cGMP accumulation, a very sensitive measure
of NO- production (7), were examined. Rin m3F cells
were treated for 18 hrs with 5 units/ml] IL-18%£0.5 mM
NMMA, or 0.5 mM aminoguanidine, followed by a 3
hr incubation with the phosphodiesterase inhibitor
isobutyl-methylxanthine (1 mM). FIG. 1B demonstrates
that IL-18-induced accumulation of cGMP 1n Rin m3F
cells was completely blocked by aminoguanidine and by
NMMA, providing further evidence that aminoguani-
dine inhibits nitric oxide synthase.

The effect of aminoguanidine on IL-18-induced inhi-
bition of glucose-stimulated insulin secretion was also
examined. FIG. 1C demonstrates that glucoses-
timulated insulin secretion is significantly inhibited by
pretreatment of islets for 18 hrs with IL-18.
Aminoguanidine (0.5 mM) completely prevents this
IL-18-induced inhibition of insulin secretion.
Aminoguanidine in the absence of IL-183 slightly poten-
tiates insulin secretion by islets, although this effect 1s
not statistically significant (p>0.075) when compared
to insulin secretion by the untreated control islets.
NMMA also has been shown to slightly potentiate insu-
lin secretion and completely block IL-18 induced inhi-
bition of insulin secretion (8). The slight stimulation of
insulin secretion induced by NMMA and aminoguani-
dine may be due to the inhibition of both the constitu-
tive and inducible isoforms of nitric oxide synthase
(7,8).

To confirm that aminoguanidine inhibits IL-18-
induced nitric oxide synthase activity, the effects of
aminoguanidine on IL-18-induced formation of a
g=2.04 EPR-detectable iron-nitrosyl feature by islets
was investigated. FIG. 2 demonstrates that aminoguani-
dine (0.5 mM) completely prevents the formation of this
I1.-13 induced iron-nitrosyl feature. Also shown 1n this
figure is the concurrent formation of nitrite by the same
islets used for EPR spectroscopy. The formation of this
g =2.04 iron-nitrosyl EPR-detectable feature has been
used previously to confirm the formation of NO-1n 1slets
treated with IL-18 (7,8), in activated macrophages (14),
and in target cells recognized by activated macrophages
(15). The formation of this feature (an iron-dinitrosyl
complex) is consistent with the possibility that removal
of non-heme iron from iron containing enzymes may be
the mechanism by which nitric oxide inhibits 1nsulin
secretion  (7,14,15). These results confirm that
aminoguanidine is a potent inhibitor of the cytokine-
inducible isoform of nitric oxide synthase.
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Effects of aminoguanidine on constitutive (vascular)
nitric oxide synthase activity were assessed by monitor-
ing mean arterial blood pressure (MAP) changes fol-
lowing intravenous injection of aminoguanidine in anes-
thetized, normal rats. The dose responses of
aminoguanidine and NMMA are shown in FIG. 3. Both
compounds increase MAP in a dose-dependent fashion,
although NMMA is at least 10 fold more potent than
aminoguanidine. The difference in sensitivity does not
appear to be due to the inhibitory effects of aminoguani-
dine on diamine oxidase activity (16), since pretreat-
ment with diphenhydramine (an H; receptor blocker)
has no effect on aminoguanidine-induced increases in
MAP (13). These observations suggest that while
aminoguanidine and NMMA are equipotent inhibitors
of cytokine-induced nitric oxide synthase in vitro.
aminoguanidine unexpectedly and advantageously 1s
much less potent than NMMA as an inhibitor of the
constitutive isoform of nitric oxide synthase in vivo.

To assess the putative role of NO- in mediating glu-
cose-induced vascular dysfunction, the effects of ]| mM
aminoguanidine or 1 mM NMMA on 30 mM glucose-
induced increases in vascular clearance of 13!I-albumin
were examined in a skin chamber, granulation-tissue
model in nondiabetic rats (17). As shown in FIG. 4A,
exposure of newly forming granulation tissue vessels to
30 mM glucose twice daily for 6-7 days caused a ~2
fold (P <0.005) increase in !31I-albumin clearance,
which is completely prevented by coadministration of
aminoguanidine or NMMA. Similarly, in rats with
streptozotocin-induced diabetes of 5 weeks duration,
aminoguanidine (50 mg/kg/day injected sc) prevents
the 2-4 fold increases in !3!I-albumin clearance in ocu-
lar tissues (P <0.001) including the retina (FI1G. 4B),
sciatic nerve (9), and aorta (13). Likewise, in rats with
diabetes of 4 months duration, aminoguanidine pre-
vented blood flow increases (P <0.001) in the retina
(FIG. 4C), as well as other ocular tissues and sciatic
nerve (13). In these tests aminoguanidine had no effect
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The finding that aminoguanidine and NMMA pre-
vent diabetes- and glucose-induced increases in 1311-
albumin permeation implies a role for NO: in mediating
impaired vascular barrier function as well as increased
blood flow in diabetes. This interpretation is consistent

43

with evidence that: 1) increased vascular permeability -

and blood flow induced by vasoactive agents such as
histamine and bradykinin in dondiabetic animals are
coupled to increased NO-: production, and 2) NO-modu-
lates the metabolism and function of the cells in which
it 1s produced (2,4).

The likelihood that normalization of vascular func-
tion in these tests reflects inhibition of nitric oxide syn-
thase activity by aminoguanidine rather than prevention
of advanced glycation end products is strongly sup-
ported by the brief duration (48 hour maximum) of
elevated glucose in the granulation tissue model (17),
and the prevention by aminoguanidine of 1 mM sor-
bitol-induced increased vascular albumin permeability
in granulation tissue in nondiabetic rats (18). These
findings, coupled with evidence that pyruvate and in-
hibitors of the sorbitol pathway also prevent glucose-
induced increased vascular permeability (17,18), sug-

gest that interactions between sorbitol pathway-linked
redox imbalances in AND(P) AND(P)H+ (5), NADPH

50

33

60

65

dependent nitric oxide synthesis, and inhibition of oxi-

6

dative metabolism by NO- (4) may be important in the
pathogenesis of diabetic complications.

The effects of aminoguanidine were also assessed 1n
experimental allergic encephalomyelitis (EAE) induced
in rats by intravenous injection of activated, myelin
basic protein specific CD8+ T cells.

Experimental allergic encephalomyelitis (EAE) 1s a
transient, paralytic central nervous system (CNS) auto-
immune inflammation that is often employed as a model
of the human disease multiple sclerosis. The effector
cells are Tyl, CD4+, CD25+, CD45R— lymphocytes
which are specific for a myelin antigen, usually myelin
basic protein (23). The inflammation which occurs in
the CNS following an intravenous injection of these
lymphocytes is composed chiefly of CF4+ lymphocytes
and macrophages (24). Over the past decade there has
been extensive progress made in dissecting the cellular
and molecular participants operating in the production
of EAE. Monoclonal antibodies directed against T-lym-
phocytes (25) and macrophages (26) prevent or inter-
rupt EAE development. Studies have implicated spe-
cific cytokines in the pathogenesis of EAE (27). In
addition, a number of substances have been shown to
inhibit or ameliorate the condition (28). In aggregate,
these investigations have provided evidence that mac-
rophages, T-cells, and their secreted products play a
central role in the pathogenesis of EAE. Identification
of the specific mediators in EAE may offer possibilities
for therapeutic intervention in human T-cell mediated
autoimmune disease. As shown herein in F1G. § and
Table 1, the maximum clinical severity of EAE and the
duraton of illness were significantly inhibited by twice
daily subcutaneous injection of 100 mg/kg body weight
aminoguanidine in rats. Moreover, histological staining
for neuronal NADPH diaphorase, a NO synthase, re-
vealed that the spinal cord of rats with EAE was posi-
tive in both parenchymal blood vessel walls and 1n
anterior horn cell neurons. Normal rats and rats with
EAE inflammation treated with aminoguanidine
showed only the neuronal positivity. These results sug-
gest that: 1) nitric oxide is a secreted product of the
inflammatory cells present in the inflamed regions of the
central nervous system in EAE, 2) increased nitric
oxide production plays a role in the pathogenesis of the
EAE clinical symptoms, and 3) NO synthase inhibitors
may have therapeutic potential for the treatment of
multiple scierosts in humans.

In order to further illustrate the invention, the follow-
ing detailed examples were carried out although 1t
should be understood that the invention is not limited to
these specific examples or the details described therein.
The results obtained in these examples are shown 1n the
accompanying F1GS. 1 to 4.

EXAMPLE |

This example illustrates the effects of aminoguanidine
on IL-183-induced nitrite formation, and cGMP accu-
mulation by Rin mSF cells, and IL-18-induced inhibi-
tion of glucose stimulated insulin secretion by islets.
(FIG. 1A). Rin m5F cells, obtained from the Washing-
ton University Tissue Culture Support Center, were
removed from growth flasks (55-80 million cells/flask)
by trypsin/EDTA treatment, and aliquoted into 1 ml
Petri dishes (1-2 million Rin m5F cells per condition).
Cells were incubated for 18 hrs (under an atmosphere of
95 air and 5% CO») in 1 ml of complete CMRL-1066
tissue culture media (CMRL supplemented with 10%
heat-inactivated, fetal bovine serum, 2 mM L-gluta-
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mine, 50 units/m] penicillin, and 50 pg/ml streptomy-
cin), or complete CMRL-1066 supplemented with
aminoguanidine or NMMA.. Following incubation, the
supernatant was removed and nitrite was determined on

100 ul aliquots by conventional procedures as previ-
ously described (8, 19). Results are expressed as a

mean+SEM of data from at least 3 independent tests.
(FIG. 1B). cGMP accumulation was determined on &
million Rin m5F cells incubated for 18 hrs in 1 mi of
complete CMRL-1066 supplemented with 5 units/ml
IL-18, 0.5 mM aminoguanidine-HCI, 0.5 mM NMMA,
or both IL-13 and aminoguanidine-HCI or IL-183 and
NNMA as described above. Following the 18 hr treat-
ment the Rin m5F cells were incubated an additional 3
hrs in 1 ml of complete CMRL-1066 containing | mM
isobutyl-methylxanthine. cGMP formation induced by
IL.-18 was measured using a conventional cGMP RIA
kit commercially available from NEN-DuPont (7).
Data is expressed as the mean =SEM of 3 independent
tests. (FIG. 1C). For insulin secretion studies 1slets were
isolated by collagenase digestion from male Sprague-
Dawley rats (250-300 g) by conventional procedures as
described previously (20). The i1solated isiets (120/ml)
were pretreated in complete CMRL-1066, or complete
CMRL-1066 containing 5 units/ml IL-18, 0.5 mM
aminoguanidine-HCI, or IL-18 and aminoguamdine-
HCl for 18 hrs at 37° C. under an atmosphere of 95% air
and 5% COs,. Following pretreatment the islets were
washed 3 times in 1 ml/wash of Krebs-Ringer bicarbon-
ate buffer (KRB: 25 mM Hepes, 115 mM NaC(Cl, 24 mM
NaHCO3, 5 mM KCl, | mM MgCl,, 2.5 mM CacCl,, pH
7.4) containing 3 mM D-glucose, and 0.5% BSA.
Groups of 20 islets were counted into 10X 75 mm silico-
nized borosilicate tubes and preincubated for 30 min 1n
200 ul of the same buffer. The preincubation buffer was
removed and glucose-stimulated insulin secretion was
initiated by the addition of 200 ul of fresh KRB contain-
ing 3 mM D-glucose or 20 mM D-glucose followed by
an incubation of 30 min. Both the preincubation and

incubation were performed under an atmosphere of 40

959 air and 5% CO» at 37° C. Insulin content of the
incubation media was measured by radioimmunoassay.
Results are expressed as the mean®=SEM of data from
three individual tests. Statistical significance (P <0.05)
was determined by the Students t-test.

EXAMPLE 2

This example illustrates the effects of aminoguanidine
on IL-1-induced iron-nitrosyl complex formation by

islets. Isolated islets (2400) were cultured in 3 m! of 50

complete CMRL-1066, or complete CMRL-1066 con-
taining 5 units/ml I1L-183, 0.5 mM aminoguantidine-HCI,
or both IL-18 and aminoguanidine-HCL for 18 hrs at
37° C. under an atmosphere of 95% air and 5% CO..
The islets were isolated by centrifugation and frozen at
—70° C. EPR spectroscopy was performed at 77 K on
the islets using a Varian E-109 spectrometer equipped
with a 9.5 GHz microwave bridge. The power was 1
mW, the modulation frequency was 100 kHz, the modu-
lation amplitude was 8 guass, and the microwave fre-
quency was 9.109 GHz. Nitrite was determined as de-
scribed in Example 1 (FIG. 1A) on 100 ul aliquots of
the same islet culture supernatant used for EPR spec-
troscopy. The data shown in FIG. 2 are representative
of 3 individual tests containing at least 2400 islets per
condition. The IL-18-induced iron-nitrosyl g=2.04
complex and the delocalized electron g=2.002 features
(found in all cells) are indicated by arrows.
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EXAMPLE 3

This example illustrates the effects of aminoguanidine
and NMMA on mean arterial blood pressure. Normal
male, Sprague-Dawley rats were anesthetized with 100
mg/kg body weight Inactin, the left femoral vein (for
tracer injection) and right iliac artery (for monitoring
blood pressure) were cannulated with polyethylene
tubing filled with heparinized saline, and the trachea
was cannulated and connected to a small rodent respira-
tor for continuous ventilatory support. Following stabi-
lization of arterial pressure, increasing amounts of
aminoguanidine or NMMA were injected intravenously
in separate animals and the peak pressure increase was
recorded. Results are shown in FIG. 3 and are ex-
pressed as a percent increase in pressure above baseline
and represent a mean =SEM. n=6 for amimoguanidine

and n=>5 for NMMA.
EXAMPLE 4

This exampile illustrates the effects of aminoguanidine
and NMMA on glucose- and diabetes-induced increases
in vascular albumin permeation and blood flow. (FIG.
4A). Glucose-induced increases in vascular albumin
permeation were assessed in a conventional granulation
tissue, skin-chamber model (17). Briefly, 2-cm circles of
skin were removed from the back on either side of the
midline of anesthetized, normal nondiabetic rats. A
plastic chamber equipped with stainless steel screwcaps
(which can be readily removed to permit addition of
pharmacological agents to the new granulation tissue
vessels as they form inside the chamber) is sutured to
the skin at the margins of the wound. Seven days after
inserting the chambers, 1.5 ml of Hepes buffer, pH 7.4
(25 mM Hepes, 137 mM NaCl, 42 mM KCl, 3 mM
Na-HPQOy4, 0.3 mM L-arginine, 100 ng/ml penicillin G,
10 ug/ml gentamicin) containing 5 mM glucose, or 30
mM glucose, or 30 mM glucose+1 mM aminoguani-
dine, or 30 mM glucose+1 mM NMMA were added to
each individual chamber (n=4 for each test condition).
Solutions were prepared fresh daily and were added
twice daily to each chamber (9:00 AM and 5:00 PM) for
7 days. Within an hour of the last treatment, albumin
clearance was assessed by conventional procedures as
previously described (21). (FIG. 4B). Male, Sprague-
Dawley rats initially weighing ~250 g were divided
into nondiabetic controls (n=28), controls treated with
50 mg/kg body weight aminoguanidine (n==8), un-
treated diabetics (n=11), and diabetics treated With the
same dose of aminoguanidine (n=9). Diabetes was In-
duced by i.v. injection of streptozotocin, at which time,
rats in groups 2 and 4 were given aminoguanidine sub-
cutaneously once daily. Rats were used for vascular
permeability studies after 5 weeks of diabetes. Albumin
permeation of retinal vessels was assessed by a conven-
tional guantitative isotope-dilution technique described
previously (21) based on the injection of ’}]-BSA (cir-
culation time 10 min) for assessment of vascular albumin
permeation and 125]-BSA (circulation time 2 min) as a
vascular space reference tracer to correct intravascular
1311.BSA tissue activity. calculate !3'I-BSA wvascular
clearance (ng plasma/g wet weight/min), 131I-BSA
activity in the retina was corrected for tracer contained
within retinal vessels; the vascular-corrected #1[-BSA
retina activity was divided by a time-averaged 131]-BSA
plasma activity obtained from the plasma samples taken
at 1, 5, and 10 min after tracer injection, then by the
tracer circulation time (10 min) and normahzed per g
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tissue wet weight. (FIG. 4C). Regional blood flows
(n=7 for each group) were measured after 4 months of
diabetes using 8°Sr-labeled microspheres by conven-
tional techniques as described previously (22). To calcu-
late regional blood flows, the total activity of 8>Sr in the
retina was divided by the total activity of 8Sr in the
reference blood sample obtained from the withdrawal
syringe, then multiplied by the pump withdrawal rate,
and expressed as ml/g tissue wet weight per minute.

E'xample S

This example 1llustrates the effects of aminoguanidine
on experimental-allergic encephalomyelitis (EAE), in-
duced 1n rats by intravenous injection of activated,
myelin basic protein specific CD8+ T cells, which is a
transient, paralytic, central nervous system autoimmune
inflammation model of multiple sclerosis. The test pro-
tocols and results shown in FIGS. § and 6 were as {ol-
lows:

10

15

FIG. §, Effects of daily subcutaneous injection of 20

aminoquanidine on clinical severity of experimental
allergic encephalomyelitis in rats. EAE was induced by
the injection of T ylymphocytes, selected for guinea pig
myelin basic protein reactivity and stimulated for 3 days
with antigen in the presence of accessory cells by con-
ventional procedure as previously described (23) 1nto
male Lewis rats 2 to 3 months of age (Charles River
Laboratories, Wilmington, Mass.). Rats were housed
(three to four per cage) and cared for in accordance
with the guidelines of the University Committee for the
Humane Care of Laboratory Anmimals and in accor-
dance with NIH guidelines on laboratory animal wel-
fare. Rats were allowed standard rat chow (Ralson
Purina, Richmond, Ind.) and water ad hibitum, and were
on a 12 hour light/dark cycle. Aminoguanidine hemi-
sulfate (100 mg/kg body weight) was 1njected subcuta-
neously twice datly (0900 and 1500 hr) 1n a double blind
fashion starting 24 hours prior to the injection of anti-
gen-activated lymphocytes. Clinical illness was scored
twice daily for all rats as: O if the rat had no paralysis;
1 4+1f the rat had a tlaccid tail; 2 +1f the hindlimbs were
paralyzed; and 3+1if in addition to paralysis the animal
exhibited a moridbund state by not moving to stimul..

FIG. 6. Histological sections of the anterior horn area
of rat spinal cord stained for NADPH diaphorase using
nitro-blue-tetrazoleum as a chromagen (x325). Under
deep anesthesia, rats were perfused via the aorta with a
phosphate-buffered saline rinse followed by 100 ml 2%
paraformaldehyde solution in 0.1 M phosphate buffer,
pH 7.4. The spinal cord was removed, cut into 3-4 mm
thick blocks, fixed for an additional 1-2 hours, rinsed
using 0.2 M phosphate buffer, pH 7.4, and equilibrated
in 30% sucrose 1n water overnight. 8 um thick cryostat
sections were stained for NADPH diaphorase. FIG.
6A, shows a section from a rat paralyzed with EAE
which demonstrates enzyme activity in both anterior
horn neurons and diffusely in the walls of parencymal
blood wvessels. FIG. 6B shows a comparable section
from a matched rat which had been treated with
aminoguanidine which had CNS inflammation but ex-
hibited no iliness. In this section only the anterior horn
neurons are positive,

RESULTS

FIG. § shows the average daily progression of chini-
cal illness for all control and aminoguanidinetreated
rats, and it can be seen that the aminoguanidine-treated
rats developed paralysis later, the severity was less, and
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recovery was more rapid than in the untreated control
group. These results are quantified in Table 1. In con-
trol rats in which the paralysis was allowed to complete
its clinical course (eight animals in each group were
killed at peak illness), the average duration of iliness
was ~ 5 days, the maximum clinical severity reached
2.2, and the overall illness score (sick days times number
of days at maximum illness) was 11.3. Significant reduc-
tions in duration of illness, maximum clinical severity,
and overall illness score (p <0.001) were observed in
rats treated twice daily with 100 mg/kg body weight
aminoguanidine injected subcutaneously. The average
wetight loss was ~139% for control and ~9% for
aminoguanidine-treated rats. The histologic grade was
2.620.7 and 2.37£0.6 for controls and aminoguanidine-
treated rats, respectively. It is noteworthy that the dra-
matic effect of aminoguanidine on the clinical signs of
EAE was not paralleled by a corresponding decrease 1n
inflammation. It i1s believed that this discrepancy may
arise from the ability of aminoguanidine to inhibit the
release of pathogenic substances by the cellular partici-
pants in the inflammation without decreasing the preva-
lence of the inflammatory cells in the target organ.
When 50 mg/kg body weight aminoguanidine was in-
jected once daily (n=2 for control and for aminoguani-
dine-treated rats), the average duration of iliness was 5
days for both groups, but the maximum clinical severity
was 3.0 for both controls and 1.5 for both aminoguani-
dine-treated rats. When the same total daily dose of
aminoguanidine was administered continuously using
subcutaneous Alzet osmotic pumps (Alza Corporation,
Palo Alto, Calif.), no beneficial effect of aminoguani-
dine was observed. This observation suggests that daily

ijection of aminoguanidine was necessary to inhibit
EAE.

Further evidence in support of the inhibition of nitric
oxide synthase is provided by the data shown in FIG. 6.
Neuronal NADPH diaphorase is now recognized as a
NO synthase since both nitric oxide synthase and
NADPH diaphorase activities can be 1mmuno-
precipitated with an antibody recognizing neuronal
NADPH diaphorase (29). Eight rats were patred prior
to EAE induction, one recelving aminoguanidine treat-
ment, the other recetving only saline injections. When
paralytic disease appeared in the untreated rat, both
animals in the pair were killed for histological examina-
tion of the CNS and for NADPH diaphorase staining.
Histological sections of the spinal cord from these rats
were examined for inflammation and the presence and
distribution of NADPH diaphorase. Sections from rats
with symptomatic EAE and from those treated with
aminoguanidine without clinical disease both contained
inflammatory infiltrates. In all of these rats, the anterior
horn cells were NADPH diaphorase/NQO synthase posi-
tive (FIG. 6A, 6B); however, only 1n the spinal cord of
clinically 1ill amimals which had not received
aminoguanidine were the blood vessel walls strongly
positive for this activity (FIG. 6A). The spinal cord
parenchymal vessels of aminoguanidine-treated rats
stained weakly or were negative for NADPH diapho-
rase activity (FIG. 6B). This difference was interpreted
as an effect of the drug on the expression of NO syn-
thase, and not an aberrancy of staining, because in both
groups of rats the anterior horn cells were equally posi-
tive, thus indicating a successful enzyme reaction. The
likelihood that this blood vessel-associated NO synthase
plays an important role in the clinical illness associated
with CNS inflammation is supported by evidence that
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the earliest and most significant inflammation in EAE 1s
vasocentric. Nitric oxide produced by the inducible
isoform of NO synthase, acting alone or in concert with
other inflammatory mediators, may play a crucial role
in disrupting neuroglial physiology leading to EAE- 3
associated paralysis.

The data in this Example 5 demonstrate that
aminoguanidine, a selective inhibitor of the inductble
isoform of NO synthase, prevents the clinically overt

illness associated with T-cell mediated, autoimmune 10
CNS inflammation.
TABLE 1
Effects of aminoguanidine on the clinical and
histological parameters of EAE 15
Aminoguanidine-
Parameter Controls Treated
Duratiaon of 1illness? 4.7 = 0.4 (7) 1.2 = 1.12(5)
(davs) |
Maximum clinical severity? 2.2 #+ 0.9 (15) 0.4 = 0.4°(13)
(scale from 0 1o 3) 20
Overall illness score? 11.3 = 4.5(7) 2.4 = 220(5)
(sick days tirnes davs
at maximum 1llness)
Average weight loss 12.5 = 5.5(1%) B9 = 7.5(13)
(¢ of body weight)
Histological grade 2.6 = 0.7 (8) 2.3 = 0.6 (&% 25

Cee FIG., 5 protocol. above, for description of clinical severity scoring.
Significantly different from controls by Students t-test: by < 0.001

Four separate tests were performed With n=15 for
EAE-induced control rats and n=13 for aminoguani- 4,
dine-treated EAE rats. In two of these tests, a total of
eight control rats were killed at peak illness for histo-
logic assessment of inflammation; paired aminoguani-
dine-treated rats were killed at the same time. Portions
of formahn perfusion-fixed or immersion-fixed rat spinal
cords were embedded in paraffin and standard hematox-
yvlin/eosin-stained histological sections were evaluated
for the presence of inflammation. Severity of inflamma-
tion was graded histologically as: 0, no inflammation; 1,
rare, scattered small foci of inflammation; 2, muluple
isolated foct; 3, multiple foci with inflammatory conflu-
ence: 4, foct of necrosis and/or neutrophilic infiltrate

The aminoguanidine inhibitor of nitric oxide forma-
tion described herein can be used for administration to
warm blooded mammals by conventional means, prefer-
ably in formulations with pharmaceutically acceptable
diluents and carriers. The amount of the active inhibitor
to be administered must be an effective amount, that s,
an amount which is medically beneficial but does not
present toxic effects which overweigh the advantages
which accompany its use. It would be expected that the
adult human daily dosage would normally range up-
ward from about one milligram per kilo of body weight
of the drug. A suitable route of administration 1s orally
in the form of capsules, tablets, syrups, elixirs and the
like, although parenteral administration also can be
used. e.g. intraveneously, intraperitoneally or subcuta-
neously. Intraveneous administration of the drug In
aqueous solution such as physiologic saline 1s illustra-
tive. Appropriate formulations of the drug in pharma-
ceutically acceptable diluents and carriers in therapeu-
tic dosage form can be prepared by reference to general
texts in the field such as, for example, Remingron's Phar-
maceutical Sciences, Ed. Arthur Osol. 16th ed., 1980,
Mack Publishing Co., Easton, Pa.

Various other examples will be apparent to the per-
son skilled in the art after reading the present disclosure
without departing from the spirit and scope of the 1n-
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vention. It is intended that all such examples be 1n-
cluded within the scope of the appended claims.
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What 1s claimed 1s:

1. A method of inhibiting nitric oxide production in a
warm blooded mammal afflicted with the physiological

conditions manifested by an immunologically-mediated,
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nitric oxide-mediated disease which comprises adminis-
tering to said mammal a nitric oxide inhibitory effective
amount of aminoguanidine.

2. The method of claim 1 in which the aminoguani-
dine 1s administered to the mammal intravenously or
subcutaneously.

3. The method of claim 1 in which the aminoguani-
dine is administered to a mammal at doses which inhibit
nitric oxide production without producing a substantial
elevation in arterial blood pressure.

4. The method of claim 1 in which the aminoguani-
dine is administered to a mammal at doses which 1nhibit
nitric oxide synthase in tissues affected by disease pro-
cesses without inhibiting constitutive vascular nitric
oxide synthase that would cause hypertension.

5. The method of claim 1 in which the immunologi-

cally-mediated, nitric oxide-mediated disease is multiple

sclerosis.
- X * - %
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